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INTRODUCTION
Chitin is a carbohydrate biopolymer and a major component 
in shells of crustaceans such as shrimp and crabs.1 Chitin con-
sists of repeated units of N-acetyl-D-glucosamine joined to-
gether by β(1 →  4) linkages. Chitosan is a chemically modi-
fi ed form of chitin, where, through hydrolysis, the acetyl group 
attached to the nitrogen atom is replaced by hydrogen, yield-
ing a primary amine group. Both chitin and chitosan have a 
chemical structure similar to cellulose. The structures1 of chi-
tin, chitosan, and cellulose are shown in Figure 1.
EXPERIMENTAL
Sample preparation
For this study, thin fi lms of chitosan were produced by spin-
casting a solution of chitosan onto (100) orientated silicon wa-
fers. Wafers were 50 mm in diameter, 0.4 mm thick, polished 
on one side, and typically had 1.6 nm of native oxide.
Chitosan is soluble in acidic conditions. Solutions used to 
produce fi lms were 2% weight to volume (w/v) of chitosan in 
acetic acid solvent. This acetic acid solvent was a 2% w/v so-
lution of acetic acid in deionizedwater. Powdered chitosan and 
the acetic acid solution were mixed at room temperature on a 
stir plate for 18 h, yielding a viscous liquid with a faint brown 
color, with viscosity of around 825 centipoise (cP).
Initially, chitosan solutions yielded fi lms with numerous 
small spots and comet defects due to small impurity particles. 
These particles caused spot defects through capillary action, 
creating areas of greater fi lm thickness around the particle. 
Because of high solution viscosity and small particle size, an 
ultracentrifuge was required to settle these particles out of the 
solution. Centrifugation of solutions for 5 h with 27 500 g ac-
celeration yielded defect-free fi lms.2,3
After centrifugation, the samples were spin-coated onto 
50 mm diameter silicon wafers at a speed of 2,500 rpm for 30 
s. By preloading the centrifuged solution and using the slow-
est acceleration ramp factor, comets and other typical spin-
coat defects were eliminated or greatly reduced.
After spinning, the sample was removed and allowed to 
dry in air. Samples were then placed in a drying oven at 80 °C 
for 4 h to increase adhesion of chitosan to the wafer. The acid-
ity of the chitosan fi lm was neutralized by immersion in 0.25 M 
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Abstract
Optical properties of spin-cast chitosan fi lms were determined in the vacuum ultraviolet (VUV) through visible regions 
of the spectrum using spectroscopic ellipsometry. The onset of absorption in the ultraviolet was determined for chitosan 
fi lms modifi ed with succinic anhydride (SA) and glycidyl phenyl ether (GPE). This absorption was accounted for by in-
cluding Gaussian and Tauc–Lorentz shaped oscillators in the optical model. VUV through visible optical constants were 
determined for these modifi ed fi lms, as well as for immunoglobulin G (IgG) attached to GPE-modifi ed samples. Several 
resonant oscillator structures exhibit greatly differing oscillator parameters for the as-deposited, as well as SA- and GPE-
modifi ed fi lms. These in-plane and out-of-plane oscillator strengths, energy positions, and broadening were determined and 
tabulated, and their chemical origins identifi ed. A phenyl resonant π-bond at approximately 6.3 eV was observed for the 
GPE-modifi ed sample. This was not present in the bare chitosan data. GPE contains a phenyl group in the molecule and ab-
sorption due to it is clearly identifi ed. Clarity of data after surface chemical modifi cation is due to the high surface sensitiv-
ity of VUV ellipsometry. 
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NaOH solution for 15 min followed by immersion in deion-
ized water for 15 min. The sample was gently blown dry and 
placed in a desiccator overnight to dry. The aforementioned 
process yields chitosan fi lms of 320 nm thickness. 
Modifi cations 
Bare spin-cast chitosan fi lms were modifi ed to change the sur-
face chemistry.4 One modifi cation was the attachment of 1,2 
epoxy-3-phenoxy-propane or glycidyl phenyl ether (GPE) to 
the fi lm surface. The structure of GPE is given in Figure 2. 
The other surface modifi cation was to attach succinic anhy-
dride (SA) to the fi lm surface. The structure of SA is given-
inFigure 3. Without further independent experiments it is not 
known how much of the inner regions of the fi lm the modi-
fi cations reach. Thus the modifi cations are assumed to be at-
tached to the outer surface of the chitosan fi lms (including its 
roughness). These modifi ed fi lms were then allowed to con-
tact a solution of 1 μg/ml of immunoglobulin G (IgG) protein, 
and the uptake of protein was studied by ex situ vacuum ultra-
violet (VUV) ellipsometry. 
VUV Ellipsometry 
An emerging ellipsometry technique is VUV-variable an-
gle spectroscopic ellipsometry (VASE).5 In 1999 commercial 
VUV ellipsometers were introduced in response to the ma-
terial characterization requirements for 157 nm lithography, 
and cover the range 135–1,700 nm (0.73–9.1 eV). VUV pho-
ton energies are useful to study high-energy electronic tran-
sitions, where the optical response is dominated by band-to-
band transitions. 
Optical anisotropy 
In transparent materials where the dielectric permittivity de-
pends on the direction of the electric fi eld in the material, im-
portant anisotropic optical effects can be observed.6–8 This is 
typically measured as a difference in the indices of refraction, 
n1, n2, n3. For example, 
Δn21 = n2 – n1
where Δn is the birefringence. Dichroism occurs when the ex-
tinction coeffi cient k is anisotropic. 
In the spin-cast chitosan, the in-plane and out-of-plane 
indices of refraction were different, but uniform within the 
plane, thereby resulting in uniaxially anisotropy. Generalized 
ellipsometry analysis was used to analyze the fi lms.8 Uniaxial 
anisotropy observed for spin-cast chitosan fi lms is most likely 
a result of long polymer chains lying within the sample plane. 
DATA ANALYSIS 
An ellipsometer yields two measurable quantities (describing 
polarization changes) at each wavelength and angle of inci-
dence, often expressed as Ψ and Δ. To determine physical pa-
rameters, an optical-model regression-based data analysis is 
performed. Numerous material parameters can be extracted, 
including layer thickness, surface and/or interfacial roughness, 
optical constants, and void fraction.9–11 In this work, data were 
analyzed assuming that the fi lms were dense, smooth, and ho-
mogeneous, but uniaxially anisotropic. 
Thickness and optical constants were determined from Ψ 
and Δ data using a regression analysis that modifi es the pa-
rameters until a best fi t to data is obtained. For chitosan this 
was done in two steps. First the thickness of each fi lm was 
determined by modeling data from the nonabsorbing region 
(0.73–5.0 eV) using a Cauchy dispersion model including 
uniaxial anisotropy.12 Thickness was then fi xed at this value 
and a uniaxial oscillator layer was used to model the absorb-
ing region. In this layer, Gaussian and Tauc–Lorentz oscilla-
tors were added to account for resonance-like absorption, but 
Gaussian shapes dominated.13–15 With a known thickness, the 
dielectric function (equivalently, index of refraction and ex-
tinction coeffi cient) was determined over the entire range, ab-
sorbing or not.16 
Note that from the dielectric function the absorption co-
effi cient and penetration depth δ can be determined, which is 
the depth at which the intensity drops by e–1, not the depth at 
which light no longer penetrates.9,10,12 
RESULTS 
The optical constants were determined from 0.73 to 9.1 eV. 
Data are plotted against photon energy (rather than wave-
length) to better visualize features in the VUV region. At a 
Figure 1. Structures of chitin and chitosan and their comparison to cel-
lulose. (Reference 1). 
Figure 2. Chemical structure of glycidyl phenyl ether. 
Figure 3. Chemical structure of succinic anhydride. 
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pH of 7.4 both the SA-modifi ed surface and the IgG mole-
cule have a net negative charge and therefore no attachment 
should occur. 
As a case study, three samples were examined using vac-
uum ultraviolet spectroscopic ellipsometry (VUV-SE): a bare 
chitosan thin fi lm, a GPE-modifi ed chitosan fi lm, and an SA-
modifi ed chitosan thin fi lm. The optical constants of chitosan 
are presented in the form of the real and imaginary dielectric 
functions ε1 and ε2 in Figure 4. Figure 5 shows the dielectric 
function for GPE-modifi ed chitosan. In Figure 6, the dielectric 
functions are presented for SA-modifi ed chitosan. 
Gaussian oscillator parameters for unmodifi ed chitosan in 
the VUV region for both in-plane and out-of-plane oscillators 
are given in Table 1. Those for GPE-modifi ed chitosan are 
seen in Table 2, and for IgG attached to GPE-modifi ed fi lms 
in Table 3. Note the rather small changes in oscillator parame-
ters upon IgG attachment. 
The SA-modifi ed fi lm was modeled using two in-plane 
Gaussian oscillators and one out-of-plane Tauc–Lorentz oscil-
lator. The lack of phenyl groups in the SA modifi cation is the 
likely reason for fewer oscillators required in the model. Ta-
bles 4 and 5 show the oscillator parameters. 
Figure 7 allows comparison of the in-plane ε1 for all three 
samples as a function of photon energy. Figure 8 shows the in-
plane ε2 for these three samples as a function of photon energy. 
In all samples several noticeable chemistries are seen in 
the VUV data. Detectable chromophores are the carbonyl π-
bond at approximately 7.3 eV, the C–O σ-bond at approxi-
mately 7.0 eV, the C–N σ-bond at approximately 6.5 eV, the 
C–C σ-bond at approximately 9.1 eV, and the phenyl resonant 
π-bond at approximately 6.3 eV.17 It is of utmost importance 
to point out the feature at approximately 6.3 eV for the GPE-
modifi ed sample. GPE contains a phenyl group in the mole-
cule and absorption due to it is clearly seen in the data. 
Because it is only the GPE-modifi ed chitosan that contains 
a phenyl group, this feature is present only in the curve of the
Figure 5. Real and imaginary dielectric functions for GPE-modifi ed 
chitosan.
Figure 6. Real and imaginary dielectric functions for succinic anhy-
dride modifi ed chitosan.
Table 1. Gaussian oscillator parameters for unmodifi ed chito-
san in the VUV region. Note that in-plane oscillator 4 is Tauc–
Lorentz type Figure 4. Real and imaginary dielectric functions for unmodifi ed 
chitosan.
Table 2. Gaussian oscillator parameters for GPE-modifi ed chi-
tosan in the VUV region 
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GPE-modifi ed sample. The C–O σ-bond also shows up at 
about 7 eV in bare chitosan, but is not present in the modifi ed 
samples. This feature in the modifi ed curves is possibly due 
to “quenching” as a result of surface roughness and the small 
penetration depth in the VUV. The surface roughness is on 
the order of 20–30 nm and the penetration depth is on the or-
der of 36 nm, as determined from the material dielectric func-
tion at 7 eV. This means that the path length of light is on the 
same order (40–60 nm) as the penetration depth (36 nm) and 
we resolve less information about the chitosan underneath the 
rough surface and chemically modifi ed layer. 
σ-Bond chromophores show the result of adsorption due to 
σ-to-σ* excitations. π-Bond chromophores, likewise, show the 
result of π-to-π* excitations. It is important to note that the en-
ergy assignments are approximations because values are taken 
from tabulated data obtained through the study of compounds 
in the gaseous or liquid state and not from the solid state.17 
Second-derivative spectra are useful in oscillator analysis. 
Figure 9 shows the second derivative of the imaginary part 
of the dielectric function, ε2. Second-derivative spectra show 
infl ection points in the data and help determine the true cen-
ter energies for oscillators and glean more information about 
each oscillator. Note the asymmetry in Figure 9 due to some 
form of nonideality in the Gaussian line shapes, for example, 
line shape distortions due to optical transitions at photon ener-
gies above our experimental range.
DISCUSSION AND CONCLUSIONS 
Optical constants from near infrared to VUV were determined 
for unmodifi ed, GPE- and SA-modifi ed, and protein-coated 
GPE-modifi ed chitosan fi lms. The absorptions due to elec-
tronic band transitions were modeled utilizing Gaussian and 
Figure 8. Imaginary part of the dielectric function for bare, GPE-modi-
fi ed, and SA-modifi ed chitosan in the VUV.
Table 3. Gaussian oscillator parameters for GPE-modifi ed chi-
tosan after IgG attachment, in the VUV region 
Table 4. Gaussian oscillator parameters for SA-modifi ed chito-
san fi lms in the VUV region 
Table 5. Tauc–Lorentz oscillator parameters for SA-modifi ed 
chitosan fi lm 
Figure 7. Real part of the dielectric function for bare, GPE-modifi ed, 
and SA-modifi ed chitosan in the VUV.
Figure 9. Second derivative of the imaginary part of the dielectric 
function for bare, GPE-modifi ed, and SA-modifi ed chitosan in the 
VUV. 
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Tauc–Lorentz oscillator line shapes, and were used to identify 
numerous surface chemistries. 
Well-understood Gaussian line shapes work well for de-
scribing these anisotropic and spectrally dependent optical 
constants. Several resonant structures were observed in the 
VUV, which infl uence line shapes at lower photon energy. Ap-
parently large absorptions centered above 10 eV (outside our 
range) were found for all fi lms. Several resonant oscillator 
structures exhibit greatly differing oscillator parameters for 
as-deposited, as well as SA-and GPE-modifi ed fi lms. These 
in-plane and out-of-plane oscillator strengths, energy posi-
tions, and broadenings were determined and tabulated. A phe-
nyl resonant π-bond at approximately 6.3 eV was observed for 
the GPE-modifi ed sample. This was not present in the bare 
chitosan data. GPE contains a phenyl group in the molecule 
and absorption due to it is clearly identifi ed. 
VUV-SE is a relatively new technique, and shows prom-
ise in being more sensitive to surface chemistry of solids than 
pure VUV refl ectance or visible or infrared spectroscopic el-
lipsometry.5 Until a few years ago VUV optical constants of 
solids could be determined using only pure refl ectance, for 
which surface sensitivity was minimal. Electron energy loss 
spectroscopy was available, but the beam damaged the sur-
face and a Kramers–Kronig analysis (which has strong lim-
itations) was necessary. Infrared spectroscopy is a well-es-
tablished technique to determine chemistry; however, it has 
a high penetration depth and lower surface sensitivity. VUV 
is higher in photon energy, has shorter penetration depth and 
high surface sensitivity. For an extinction coeffi cient value of 
0.2, infrared photons at a wavenumber of 1,200 cm–1 can pen-
etrate about 1800 nm into the material. VUV photons with a 
wavelength of 180 nm penetrate 36 nm. 
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